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Abstract

:

This paper investigates the determinants of mathematics performance by gender, exploiting a multilevel random forest approach. OECD PISA 2018 data from 28 European countries are employed to explore the performance of male and female students as a function of students’ family characteristics, their attitudes towards education, and class and school environment. Results show that the gender gap in favour of boys persists in most European countries. However, teacher and school practices like fostering student reading and creating a cooperative environment allow mitigating the influence of family background in countries without gender gap. Policy implications to foster performance equality are provided.
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1. Introduction and Motivation


Equality of opportunity across individuals is a matter of primary importance in the political agenda of worldwide economies (Dunnzlaff et al. 2011). To reach this objective, a fair educational system is a necessary step, given that higher educational levels are associated with higher wages, better health, and higher well-being level. In particular, gender inequality represents an unresolved question that ranges from reduced women’s participation in the labour market to salary gaps and gender stereotyping in career choice (Education et al. 2012). It is particularly evident how women are structurally under-represented in science, technology, engineering, and math (STEM) careers, making this an untapped opportunity to expand employability and innovation capacity (Beede et al. 2011).



Gender studies have traditionally traced back these gender differences to disparities in educational outcomes (Evans et al. 2020). While girls tend to outperform boys in reading (van Hek et al. 2019), the gap in mathematics is structurally in favour of boys in most European countries (Contini et al. 2017; Education et al. 2012). Despite the net difference in mathematics being usually smaller than the gap in reading, the amplification effects in terms of different career choices and salary gap in favour of men are relevant enough to make this a question of primary relevance (UNICEF 2020). Lower math achievement leads, in many cases, to lower participation of females in STEM majors at university (Card and Payne 2021). In turn, this easily translates into gender gaps in the labour market and occupational choices in disfavour of women (Bertocchi and Bozzano 2020; Machin and Puhani 2003; Piazzalunga 2018). The paper addresses this issue by focusing on student achievement in mathematics and investigating the causes leading to disparities across gender.



Extant studies tend to explain the gender gap in education by looking at differences in the level of the main determinants of school achievement between boys and girls (Figlio et al. 2019; Buchmann et al. 2008). However, the decomposition analyses available in the literature generally reveal that differences in the key factors predicting learning achievement (such as household resources, parents’ and teachers’ support, family expectations, and career motivation) can only partially explain the gender gap in education (Gevrek et al. 2020; Munir and Winter-Ebmer 2018). While cultural and societal dimensions can play a relevant role (Else-Quest et al. 2010; Giuliano 2020), unexplained educational differences between males and females may also be associated with structural differences in the way in which some key factors influence student performance across gender. Thus, the present paper relaxes the baseline assumption that the determinants of educational achievement have the same impact across gender by modelling the determinants of boys’ and girls’ performance separately. Moreover, the study adopts an international approach, by exploring the European countries as empirical context. In particular, the research addresses the following question: How do the determinants of mathematics achievement differ between male and female students and among European countries?



The paper explores the OECD Programme for International Student Assessment (PISA) 2018 dataset for 28 European countries (i.e., the EU countries with available data, plus the UK, Iceland, and Switzerland). The data provided by PISA refers to 15-year-old students and, therefore, can be employed to examine the gender gap in a crucial moment of education, corresponding to the last year of compulsory school in most countries.



To ensure homogeneity in structural characteristics, the analyses are carried out by classifying countries into three categories, i.e., the ones with a gender gap in favour of boys, the ones with a gender gap in favour of girls, and the ones with no gap. A multilevel random forest (Pellagatti et al. 2021), where student and country levels are considered, is implemented separately in the three groups of countries. We follow a random forest approach because its flexibility adapts well to the educational context, in which several input variables co-exist in the same environment (Masci et al. 2018). More specifically, while more classic linear multilevel models are able to estimate only linear associations between covariates and the response, this technique, by relaxing any a priori parametric assumption, performs well in presence of several interactions among predictors and allows to discover the most likely relationship between the variables. At the same time, the multilevel approach allows modelling the heterogeneity between countries and to disentangle the variability given at student and country levels. The empirical results indicate the existence of structural differences in some relevant determinants of math achievement between boys and girls, such as perception of cooperation and reading attitudes. The way through which factors influence math performances of males and females is also strongly related to the geographic area in which pupils are studying. To this extent, the paper presents useful evidence to design specific policy actions for enhancing gender equality in education and the labour market.



The remainder of the paper is organised as follows. Section 2 revises the literature on the determinants of the gender gap in mathematics and presents the conceptual framework. Section 3 describes the data and the methodology used for the empirical analyses. Then, the results and their discussion are presented in Section 4 and Section 5, while final implications and conclusions are reported in Section 6.




2. Literature Review


2.1. Evidence of Gender Gap in Student Performance


The existence and persistence of a gender gap in mathematics in favour of boys has been demonstrated by multiple studies over time (Borgonovi et al. 2018; Contini et al. 2017; Frye and Levitt 2010; González de San Román and De La Rica 2012). What is particularly striking from the current literature is the absence of a gap between boys and girls when they enter school, while it becomes larger with the years of schooling (Borgonovi et al. 2018; Mejias et al. 2021). Frye and Levitt (2010) show that the gap in mathematics increases from 0 to 0.2 standard deviations after 6 years of education. This gap becomes particularly pronounced after males and females leave compulsory schooling and enter in post-compulsory education and the labour market, with important effects on students’ educational trajectories and opportunities. Multiple possible explanations have been attempted, ranging from less involvement in maths for girls to low parental expectations, but the determinants of such a phenomenon are still highly debated (Bouffard and Hill 2005; Frye and Levitt 2010; Levine et al. 2005).



The Programme for International Student Assessment (PISA), an international survey of 15-year-old students among OECD countries, has often been employed to study the extent of the gender gap internationally. Gender gap in mathematics performance remained broadly stable between PISA 2012 and PISA 2015 (OECD 2016), showing, if anything, a small reduction of boys’ advantage in mathematics. In 2012, boys outperformed girls in mathematics in 38 of the 65 participating countries by an average of 11 score points (across OECD countries) (OECD 2019a), while in 2018 boys significantly outperformed girls in 32 of the 79 participating countries by an average of 6 points. Interestingly, in 2018, 14 countries showed an opposite gender gap in mathematics (OECD 2019a). Among these economies, Finland represents the European country where girls obtained the highest scores with respect to boys in mathematics, on average. On the opposite, in 2018, the largest difference in favour of boys has been observed in Colombia, where boys scored around 20 points higher than girls. Among the countries with a high gap, between 15 and 18 points, Italy is the only European country (Contini et al. 2017; OECD 2019a). In 43 out of 64 countries and economies, the gender gap in mathematics performance in favour of boys did not change significantly between 2009 and 2018. Notably, in Finland, Greece, Iceland, Luxembourg, the Netherlands, and Switzerland, the narrowing of the gender gap in mathematics performance observed in 2018 assessment is due to a significant decline in boys’ performance in mathematics (OECD 2019a).



Looking at the different performance levels, boys are generally over-represented at both the bottom and the top of the performance distributions in mathematics (OECD 2019a). In many countries, girls’ scores in the first decile of the distribution of mathematics performance are higher than boys’ scores, meaning that the lowest-performing girls score above the lowest-performing boys in their countries. However, the largest differences are observed at the top of the distribution of mathematics performance, where an important male-oriented gender distributional imbalance among high achievers emerges (Breda et al. 2018; Zhou et al. 2017).




2.2. Conceptual Framework


The factors affecting the achievement of students have been widely studied for a long time (De Witte and Kortelainen 2013). In particular, Chaman et al. (2014) presents a review of the factors affecting math performances on secondary education students. He considers in particular mathematic anxiety, attitude towards math, parental involvement, gender, and cultural differences. The present research focuses on three categories of determinants impacting students’ performance, which might have heterogeneous impacts on male and female students. The categories relate to (i) student’s family characteristics, (ii) student’s perceptions and attitudes, and (iii) class and school environment.



Among student’s family characteristics, the home environment, ranging from parents’ attitude toward education to socioeconomic status, plays an important role in shaping students’ achievement of girls and boys (Bertocchi and Bozzano 2020). Steinthorsdottir and Sriraman (2008) have found that the involvement and support of families have a different effect on boys and girls: while boys benefit from a family context with high parent pressures, female students benefit more from parents showing interest in their school activities. Future plans and ambitions expressed by students are also important determinants explaining gender differences in student performance (Steinthorsdottir and Sriraman 2008). Parents’ preference for boys may also explain a gender disparity in the school support provided to their children (Dossi et al. 2021). The socioeconomic status has a greater impact on the PISA results in mathematics for female pupils, determining a higher gender gap for disadvantaged students (Schleicher 2019). Moreover, girls’ performance is usually better in families with working mothers, suggesting that gender identities are transmitted from mothers to daughters (González de San Román and De La Rica 2012). Confirming this result, Brenøe and Lundberg (2018) have found that girls benefit more from maternal education and employment than boys.



Second, the students’ perceptions and attitudes, such as well-being and personal interests may explain a substantial part of the students’ performance in mathematics (Marsh and Martin 2011). In relation to COVID-19, studies on psychological aspects are gaining attention (Wang et al. 2022). Evidence shows that boys usually report a greater self-efficacy compared to girls (Close and Shiel 2009). Performances being equal, female students tend to underestimate their mathematical abilities than their male fellows (Sikora and Pitt 2019), and this affects their cognitive performance, motivation and attitudes, as well as future career perspectives (Aiello et al. 2021). Similarly, girls seem to be more anxious about mathematical problems and in implementing mathematical thinking (Close and Shiel 2009). Halpern and Ikier (2002) argue that this could be linked to the fact that boys have a greater experience of using math in their everyday life, compared to girls. However, females’ anxiety about math may be related to additional factors (Caviola et al. 2022) such as low levels of confidence and self-perception (Cvencek et al. 2014; Pajares 2005) or gender stereotypes regarding STEM and math achievement (Flore and Wicherts 2015; Starr and Simpkins 2021; Tomassini 2021). Finally, the positive attitude towards reading is not only an important predictor of reading performance, but it is also related to mathematics achievement, as a measure of the positive attitude of students towards learning. In this respect, (Ajello et al. 2018) demonstrate how girls are advantaged in mathematics items with a high reading demand, independent of their level of reading literacy.



Third, to better understand the role of schools and teachers, it is relevant to consider variables on teacher behaviour and school characteristics (i.e., class and school environment). Previous research has shown how teachers’ beliefs and expectations about student performance differ depending on students’ gender-leading to learning gaps, usually in favour of male students and especially regarding STEM subjects (Jaremus et al. 2020; Mizala et al. 2015; Rainey et al. 2019). Rainey et al. (2019) find that active teaching environments may positively impact students’ sense of belonging and desire to continue in STEM. Bertocchi and Bozzano (2020) also point out that female students can be encouraged and engaged in studying STEM subjects by the presence of a female teacher, who may be seen as a role model and could set up curricula that are more attractive to girls. Finally, teh school environment represents a key factor in affecting gender differences in student performance, and previous studies have shown that the school peer pressure and expectations not only are very different between boys and girls, but also influence differently student behaviours and performance (Steinthorsdottir and Sriraman 2008). Moreover, Gibbs (2010) stresses the role of school curricula in enlarging the gender gap in disfavour of girls, particularly because of a content change in mathematics topics over years, which increasingly focus on topics that tend to favour boys (like spatial and logical items).





3. Data and Methods


3.1. Data and Variables’ Selection


The empirical analyses are based on the PISA 2018 dataset, which provides internationally comparable data on the educational achievement of 15-year-old students, together with several background information on students, schools, and families. PISA 2018 is the last wave available, allowing exploring the most recent information on students’ achievement. As mentioned in Section 1, by analysing the math achievement of 15-year-old students, we can provide evidence of the gender gap in the last years of compulsory school. The results are, thus, particularly significant since the gender gap found at this educational stage is more likely to affect the future job career of secondary-school participants. For the same reason, we focus exclusively on students enrolled in general track schools, without considering the ones attending a vocational track. In this way, we can provide detailed evidence on the students who are more likely to attend universities and, therefore, who would be potentially more affected by a gap in math achievement during their educational path.



Based on the conceptual framework presented in Section 2.2, we study the influence of three categories of variables on the mathematics achievement of male and female students. More specifically, the three groups of variables concern the student’s family characteristics, student’s perceptions and attitudes, and class and school environment. All the indicators are based on PISA 2018 questionnaire and are described in Table 1.



Student’s family characteristics include: (i) the level of education of the mother (ST005 and ST006), (ii) the perceived support of the parents (EMOSUPS), (iii) an index of the socio-economic background of the student (ESCS), (iv) a binary variable indicating whether the pupil speaks a foreign language at home (ST022Q01TA), and (v) a binary variable indicating whether there are ICT resources at home (ICTRES).



Regarding student’s perceptions and attitudes, we consider variables that describe students’ fear of failure (GFOFAIL), student’s feeling awkward (ST034Q05T4) or outsider (ST034Q01TA), student’s perception of being liked (or not) by other students (ST034Q05TA), and student’s ability to make friends easily (ST034Q02TA). Moreover, as described in Section 2.2, attitude towards reading is included here as it potentially explains math scores’ differences between genders (ST175Q01IA).



Lastly, on the class and school environment, we consider variables concerning how much teachers are supportive towards students (TEACHSUP), how students perceive the teacher to be able to maintain discipline in the class (DISCLIMA), the number of pages of the longest book students had to read for school purposes (ST154Q01HA), the class size (CLSIZE), and the perceived climate of cooperation in the school (PERCOOP).



The indicators described in Table 1 are available for 28 European countries. Despite some relevant countries (such as Sweden and Norway) having been excluded from the study for problems with data availability, the analyses can provide a comprehensive overview of the European area. On the other hand, additional indicators that could potentially explain math achievement have not been considered because they report missing values for several European countries.




3.2. Methodology


The aim of our analysis is to investigate the mechanisms that determine the heterogeneity in students’ performance across gender. We are interested in exploring the gender educational gap within countries and in identifying which variables are associated with females’ and males’ performance, within different contexts. To this end, our methodological approach consists of two steps. In the first step, we identify three categories of European countries: countries where males perform on average better than females (Group 1), countries where there is no evidence of a gender gap (Group 2), and countries where females perform on average better than males (Group 3). For each country, we perform a parametric two-sample t-test for comparing the means of males and females performances and, standing on the p-value, we assign the country to one of the three categories (see Table A1 in Appendix A for details).



The three categories represent three different social contexts and, in the second step, our aim is to investigate, separately for each of them, which are the most important determinants of students’ scores for boys and girls, respectively. To this end, for each category of countries c = {Group 1, Group 2, Group 3} and for each gender g = {Female, Male}, we perform a multilevel random forest (Pellagatti et al. 2021) in which we consider students (level 1), nested within countries (level 2). For each student i of gender g, attending a school in country j within category c, the model takes the following form:


   y  i j , g c   =  f  g c    (  x  i j , g c   )  +  b  j , g c   +  ϵ  i j , g c    








where   y  i j , g c    is the math PISA test score of student i;   x  i j , g c    is the set of student level covariates relative to student i;    f  g c    ( · )    identifies the random forest term;    b  j , g c   ∼ N  ( 0 ,  σ  g c  2  )    is the random intercept relative to country j; and    ϵ  i j , g c   ∼ N  ( 0 ,  ω  g c  2  )    is the error term.



We adopt this modelling for two main reasons. First, the multilevel approach allows us to take into account the countries as grouping factor and to estimate the heterogeneity in student performances net of any structural differences across countries. Educational systems could significantly influence students’ differences in performance by gender, and thus it is relevant to estimate determinants within countries. For instance, by performing an empirical analysis on 32 countries, Ayalon and Livneh (2013) show that the between-countries variation in the gender gap in mathematics can be explained by the different levels of standardisation of the national educational systems. In addition, Cascella et al. (2021) show that gender differences in mathematics can be attributed to different socio-cultural and economic factors that can vary among countries and regions. Similarly, González de San Román and De La Rica (2012) and Cuevas-Ruiz et al. (2020) state that girls’ performance is better in societies where gender equality is valued. For these reasons, after the partition of the European countries within the three categories, there is still a component that varies across countries of the same category that we can quantify. Therefore, given the estimates of the variance of the random effects    σ ^   g c  2   and of the error term    ω ^   g c  2  , we compute the Percentage of Variability explained by the Random effects (PVRE) as     σ ^   g c  2     σ ^   g c  2  +   ω ^   g c  2    , that represents the percentage of the unexplained variability in student performance explained at country level. By comparing this quantity across categories of countries and across genders, we can explore the relevance of the country component by gender. In particular, for both genders, the estimate of the coefficient   b  j , g c    quantifies the effect of country j on its female and male student performances, respectively.



Second, the random forest approach allows us to estimate the effect of the covariates in a flexible and interpretable way (Masci et al. 2018; Schiltz et al. 2017). This is fundamental given the numerous predictors that we would like to consider and their potential non-linear association with the response. Parametric multilevel models require a priori knowledge to choose their parametric form and often result to be too restrictive when covariates have different types of relationships and interactions with the response. Indeed, they basically capture only relationships that have the pre-specified functional form. With respect to them, random forest allows handling a higher number of-potentially correlated-covariates and easily modelling their interactions and their different associations with the response. Random forest is an ensemble of regression trees (Breiman 2001; Friedman et al. 2001; James et al. 2013; Lewis 2000) and, given a response variable and a set of covariates, it computes an importance ranking of the covariates by measuring the ability of each covariate to improve the estimation. For each covariate, this measure, labelled as   % I n c M S E  , is computed from permuting Out-Of-Bag (OOB) data in the following way: for each tree of the random forest, the Mean Square Error (MSE) on the OOB portion of the data is recorder; the same is then done after permuting the covariate; the difference between the two are then averaged over all trees, and normalised by the standard deviation of the differences. Besides the importance ranking of the covariates, we can further investigate the effect of each covariate on the response variable by means of Partial Dependence Plots (PDPs). For each covariate, the PDP represents the net effect of the covariate on the response, after averaging out the effect of all other covariates.





4. Results


4.1. Preliminary Results: Country Groups Based on Gender Gap’S Direction


As underlined in Section 1 and Section 3.2, the gender gap in mathematics can differ importantly among countries. These disparities are linked to substantial heterogeneity in socioeconomic and cultural characteristics across European regions, as well as differences in educational systems. While cross-country disparities can be taken into account by the random intercept in the multilevel random forest, the work aims at exploring how the results differ across the three groups of countries that we have identified (i.e., Groups 1, 2, and 3). The analyses are, thus, performed separately for the three different groups. Table A1 in Appendix A provides an overview of the PISA math scores by gender for all the countries considered in the analysis and the p-values resulting from the two-sample t-test, indicating if the distributions of scores are statistically different across countries. The map in Figure 1 displays the selected countries divided into the three groups. Group 1 is the most numerous group, with 20 countries. The large number of countries in this group stresses the urgency of addressing the gender gap in disfavour of girls in most European countries. Moreover, preliminary results indicate that scores’ distributions are not statistically different across gender (Group 2) in five European countries: the Czech Republic, Switzerland, Slovakia, Poland, and Lithuania. Finally, Group 3 gathers the countries where females perform significantly better than males in mathematics, which are only three: Finland, Iceland, and Malta.



Table 2 displays the descriptive statistics of selected variables divided by gender and group and stresses different patterns. Parental support is perceived to a larger extent by countries belonging to Group 1, where females perform worse than males. In this group, girls have a higher perceived cooperation climate than males, a higher perceived discipline in the class, and a more pronounced perceived parental support. This indicates that girls tend, in general, to be more positive about the school and home environment, and this attitude possibly leads to positive spill-overs. However, on average, girls also have a higher fear of failure-revealing that positive attitudes regarding the environment are not translated into better self-esteem. Other characteristics for which male and female populations differ are the ones related to ICT and reading. In particular, boys report having greater access to ICT at home, while girls read more and, mostly, enjoy more reading.




4.2. Main Results: Multilevel Random Forest


In this section, we describe the main findings emerging from the multilevel random forest models. In particular, six models, obtained by grouping countries based on their gender gap and by gender, are computed. For each model, the country effect and student-level variables’ importance are shown in Table 3 and reported in detail in the Appendix A (see Figure A1 and Figure A2). Table 3 shows the ranking’s position of the covariates and the related Inc%MSE for each model (by gender and by context’s country group). To facilitate the reading, results about student and country levels are presented separately in the following sections.



4.2.1. Student Level


Figure 2 provides a visual overview of the results of the multilevel Random Forest for all the six models, displaying the student-level variables in order of importance and the respective value of the percentage increment of MSE (  I n c % M S E  ). Results in Table 3, together with the plots reported in Figure A1 in Appendix A, show that, in terms of importance, the first five variables are able to explain a major part of variability in the response in all the models, whereas the other covariates have a limited and similar value of Inc%MSE. Therefore, to improve the visibility and support a smooth interpretation of the results, only the five most important variables are displayed in the ribbon chart (but the complete list can be found in Table 3).



By comparing the results of the six models, it is possible to identify a set of variables that represents the main determinants independently from the group of countries and gender. First, student socioeconomic status (ESCS) is the most important variable in influencing math achievement in all the models. This result is in line with the findings in the literature, which identifies socioeconomic disparities as the main determinant of differences in mathematics performance (Martins and Veiga 2010). The lower absolute importance associated with ESCS in Group 3 is also not surprising. Indeed, countries such as Finland and Iceland are generally characterised by higher social equality with, as a consequence, a lower influence of family background on educational performance (Martins and Veiga 2010).



Besides socioeconomic status, the longest book that students have to read for school often covers one of the first positions in the variables importance ranking of Table 3. Reading long books or texts seems particularly important for countries with no gender gap (Group 2) and where boys perform better than girls (Group 1). In particular, when teachers require to read books longer than 100 pages, students tend to achieve higher test scores in math, both for boys and girls (see Panels a and b in Figure 3.1). This highlights the importance of teaching behaviours in supporting mathematics learning, even in not-strictly scientific subjects. Indeed, being able to read long texts implies several transversal skills that can support the mathematical competencies of kids, such as the capacity to engage and concentrate over a substantial period of time (Moss and McDonald (2004)), or the ability to interpret questions and texts of a mathematical problem (Jerrim et al. 2020).



On the same line, the free time spent on reading is also an important covariate, especially in countries where girls have higher math achievement than boys (in Group 3, the variable represents the second position for importance). In this case, the variable does not refer to a teacher’s requirement, but it is associated with the personal attitude of the student. The partial plots in Panels c and d of Figure 3 show how math achievement varies depending on the enjoyment of reading of boys and girls in Group 1. The figure reveals that students reporting low enjoyment for reading are associated with significantly lower achievement in math, whereas students reading during their free time perform better-regardless of how much time spent on reading. Comparing the plots across gender, we may notice that the negative effect associated with no enjoyment of reading (category 0) has a considerably larger extent for girls than for boys. This result is in line with the ranking of importance of Table 3, which shows that enjoyment of reading is more important for female students than for males (especially in Group 1). Moreover, this finding could be related to the difference in the number of observations in category 0 between females and males: only 28% of girls reported that they do not read for enjoyment, while for the boys it is 51%. Therefore, it is likely that category 0 of Enjoyment reading is more precise in capturing lower performers among girls than boys.



Perception of cooperation is also relevant in explaining math achievement, especially in countries where males perform better or the same as females. Interestingly, the importance of this determinant is higher for boys than for girls. Indeed, while this is the second (Group 1) or third (Group 2) variable in terms of importance for male students, the position in the ranking is lower for females. On the other hand, the partial plots in Panels e and f of Figure 3 reveal that, for students reporting very high values of perception of cooperation, the increase in the math scores associated with this covariate is much higher for girls than for boys. Moreover, the partial plot for males achieves a steady level (thus, an absence of correlation with performance) more quickly than the one for females. The finding seems to imply that girls benefit from a climate of cooperation when this is significantly high, whereas boys can perform well also with lower levels of cooperation.



Another consideration emerging from the results concerns school-level factors. Variables such as class size and discipline in class are particularly important for countries without a gender gap (i.e., Group 2) but not for the other two groups. In countries where a gender gap is found (Groups 1 and 3), family and personal characteristics of students, such as mother’s education, feeling outsider, and ICT resources, play, instead, a more relevant role. This seems to suggest that, in countries without a gender gap, school factors are able to mitigate the influence of family background and student characteristics to a larger extent. In addition, it should be considered that the strong influence of some family characteristics, such as mother’s education, may be strengthened by cultural and socioeconomic differences between the groups of countries.



Finally, the results reveal some determinants playing a marginal role across groups of countries. This is particularly interesting when the variables reporting higher differences between boys and girls are examined, such as for ICT resources and fear of failure (see Table 2). Indeed, even if female students reported higher fear of failure and lower use of ICT resources at home (Groups 1 and 2), these gender disparities are unlikely to be translated into a significant gap in math achievement.



In terms of models’ performances, the percentage of variability explained by the random forest ranges between   19.34 %   (relative to the model for females in Group 3) and   30.23 %   (relative to females in Group 2). Models for Group 2 provide the lowest MSE, while models in Group 1 provide the highest one. Globally, the models for Group 2, where there is no evidence of a gender gap, appear to be the best ones in terms of percentage of explained variability and MSE, both for males and females.




4.2.2. Country Level


The inclusion of a country-level random intercept allows us to estimate the percentage of the unexplained variability in the students’ performance that is given to the country level, measured by the PVRE (reported in the bottom part of Table 3). For Groups 1 and 2, the heterogeneity across countries is fairly high, being the PVRE between 8 and   10 %   for both boys and girls. On the opposite, the PVRE in the two models for Group 3 (where females outperform males) is very low (less than   2 %  ). This is partly due to the fact that in Group 3 we only observe three countries and the heterogeneity across them is relatively small. Figure A2 in Appendix A displays the estimated random intercepts associated with each country, for both males and females. We notice that the countries’ effect is typically similar between boys and girls, i.e., countries have the same type of impact, either positive or negative, on both males’ and females’ performance. On the other hand, the high values of PVRE in Groups 1 and 2 reflect some differences that can be observed across countries within the same group. For instance, in Group 1, other characteristics being equal, Belgium is the country associated with the highest student performance in math, both for males and females, whereas the lowest scores are, by far, in Romania. In Group 2, Lithuania is associated with the lowest student scores, with a random intercept remarkably distant from the rest of the group. Finally, concerning the countries in Group 3, Malta is the country with the highest performance, and Iceland is the one with the lowest achievement in math (again, controlling for the rest of individual, family, and school features).






5. Discussion


Education is one of the most powerful tools to promote equality of opportunity and favour inter-generational mobility, despite any socioeconomic characteristics or disadvantaged background (Torche 2015). Better education reduces criminality, fosters cooperation, and is associated with higher salaries, health, and life satisfaction. For these reasons, it is of foremost importance to guarantee the benefit of education to all children, especially the ones belonging to disadvantaged backgrounds or minorities (Lee 2012).



Despite evidence that shows that males and females have similar learning abilities when entering school, in most countries males and females perform significantly differently. This is particularly relevant in mathematics, given the long-run implication on job opportunities and salaries (Borgonovi et al. 2018; Frye and Levitt 2010). In this paper, we investigate the determinants of student performance by gender, with the purpose of identifying the possibly heterogeneous mechanisms that enhance or hinder pupils’ learning. By acknowledging the existence of different learning needs, the educational systems can localise solutions to meet the necessity of every student and to boost the equalising role of schooling.



Our analysis relies on a multilevel random forest estimation. This approach gives us the possibility to combine the advantages of multilevel analysis and that of random forest techniques, i.e., it allows us to account for country-level heterogeneity, while estimating the effects of multiple covariates in a flexible and interpretable way.



In line with previous evidence in the literature, our findings show that around 8–10% of performance variability (within the male and female groups) is explained by country-level variation, especially among the groups of countries where a gender gap is observed (Group 1 and 3), which are the highest portion of countries. Moreover, as the main element of novelty, our results reveal the way through which some key factors influence math achievement can be significantly different between males and females. In terms of heterogeneity in the determinants of performance for boys and girls, four points summarise our findings. First, as previous evidence has highlighted (Broer et al. 2019), the socioeconomic background of the students is the most relevant factor that influences student achievement, especially in countries where a gender gap is observed (Group 1 and 3). However, its influence decreases when no gender gap is observed; thus, more equal countries from a socioeconomic standpoint are also those where gender equality is also more pronounced. In this respect, results suggest the importance of addressing social and educational equality overall. Second, results point out that reading (both in terms of school assignments or extra-curricula activity) is an important determinant of mathematics performance, especially for females. This finding is in line with previous evidence (Breda and Napp 2019), supporting the idea that closing the gender gap in mathematics is also a matter of reading abilities.



Third, the perception of cooperation is an important variable in countries characterised by better performance of boys (Group 1) or no significant difference in male and female performances (Group 2). On average, this finding holds especially for boys, while girls are positively affected by the perception of cooperative learning in the school when this perception is particularly high. This positive correlation is in line with previous findings on the importance of perceiving schools as a cooperative environment (Ghaith 2002; OECD 2019b). Finally, results highlight how school factors are more relevant for students’ results in countries where the gender gap is less pronounced. This finding suggests how the more the school and the educational system overall work to achieve a more equitable environment, the more the importance of school factors in influencing performance increases (Lee et al. 1997).




6. Conclusions


Overall, our results indicate that, to boost the equalising role of education and achieve equal opportunity in a globalised world, it is central to reduce cross-country performance variations. Moreover, evidence indicates that schools and teachers can foster students’ learning by involving and motivating students in reading activities and by promoting cooperation. Finally, it is also important to note that schools should pay more attention to providing students with the tools they need to culturally emancipate themselves, despite the socioeconomic background of their families. Indeed, our results stress the relevance of individual perceptions and self-beliefs to support student performance.



In terms of future research, it would be interesting to compare results related to European countries with other international contexts, in order to observe how the cultural and educational systems can affect the results.
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Table A1. Details of gender differences among countries by PISA math scores.
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Country

	
p-Value

	
Mean Score

	
Mean Score

	
# obs.

	
Group




	

	

	
for Females

	
for Males

	

	






	
AUT

	
0

	
496.979

	
507.410

	
6802

	
better male




	
BEL

	
0

	
541.043

	
560.719

	
4888

	
better male




	
BGR

	
0.004

	
464.893

	
475.523

	
2739

	
better male




	
HRV

	
0

	
508.091

	
541.658

	
2094

	
better male




	
CZE

	
0.546

	
533.560

	
531.863

	
4764

	
no gap




	
DNK

	
0.00004

	
493.128

	
501.081

	
7656

	
better male




	
EST

	
0.005

	
519.645

	
525.908

	
5315

	
better male




	
FIN

	
0.005

	
510.455

	
504.353

	
5648

	
better female




	
FRA

	
0.00002

	
499.445

	
510.525

	
4992

	
better male




	
DEU

	
0.002

	
499.226

	
507.447

	
5305

	
better male




	
GRC

	
0.0003

	
462.327

	
470.351

	
5599

	
better male




	
HUN

	
0

	
494.471

	
511.977

	
4294

	
better male




	
ISL

	
0.008

	
498.026

	
489.664

	
3296

	
better female




	
IRL

	
0.005

	
498.221

	
504.029

	
5536

	
better male




	
ITA

	
0

	
508.668

	
545.193

	
5744

	
better male




	
LVA

	
0.001

	
490.650

	
498.148

	
5259

	
better male




	
LTU

	
0.480

	
481.024

	
482.566

	
6758

	
no gap




	
LUX

	
0.0004

	
489.381

	
500.135

	
4123

	
better male




	
MLT

	
0.0003

	
480.116

	
467.605

	
3363

	
better female




	
NLD

	
0.0001

	
547.000

	
557.371

	
3379

	
better male




	
POL

	
0.204

	
515.407

	
518.377

	
5616

	
no gap




	
PRT

	
0

	
496.962

	
510.137

	
4965

	
better male




	
ROU

	
0

	
435.553

	
449.897

	
4437

	
better male




	
SVK

	
0.775

	
495.028

	
494.051

	
3900

	
no gap




	
SVN

	
0.00005

	
545.966

	
560.069

	
2221

	
better male




	
ESP

	
0

	
488.831

	
495.895

	
35,599

	
better male




	
CHE

	
0.389

	
513.383

	
515.740

	
4841

	
no gap




	
GBR

	
0

	
491.066

	
498.559

	
13,762

	
better male
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Figure A1. Variable importance plots. (a) Females—Countries where males perform better than females. (b) Males—Countries where males perform better than females. (c) Females—Countries with no gap. (d) Males—Countries with no gap. (e) Females—Countries where females perform better than males. (f) Males—Countries where females perform better than males. 
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Figure A2. Dotplot of country effect. (a) Females—Countries where males perform better than females.(b) Males—Countries where males perform better than females. (c) Females—Countries with no gap. (d) Males—Countries with no gap. (e) Females—Countries where females perform better than males. (f) Males—Countries where females perform better than males. 
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Note


	
1

	

We report in the paper the partial plots only for Group 1 since this includes the majority of the countries and represents the group of interest in terms of policy action, i.e., countries with a gender gap in disfavour of girls. Partial plots for Groups 2 and 3 show similar patterns and are available upon request
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Figure 1. Selected countries coloured standing on their assignment to the three groups based on gender gap in PISA math scores. 
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Figure 2. Summary of the five most important variables in the Random Forest, for the six models based on   I n c % M S E  —shown in the labels. 
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Figure 3. Partial plots of Longest Book, Enjoy Reading, and Perception of Cooperation for Group 1 models. (a) Partial plot of Longest Book for females. (b) Partial plot of Longest Book for males. (c) Partial plot of Enjoy Reading for females. (d) Partial plot of Enjoy Reading for males. (e) Partial plot of Perception of Cooperation for females. (f) Partial plot of Perception of Cooperation for males. 
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Table 1. Description of the student-level variables.
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Variable

	
PISA Code

	
Type

	
Description






	
Student’s family characteristics




	
Mother edu

	
ST005 and ST006

	
cat

	
Indicate the highest level of education achieved by the mother and it is based on the questions ST005 and ST006. 0 = primary education not completed, 1 = complete primary education, 2 = complete lower secondary education, 3 = complete upper secondary education, 4 = complete post-secondary non tertiary education, 5 = complete tertiary education, 6 = complete postgraduate education




	
Parent support

	
EMOSUPS

	
num

	
Standardized indicator of parents’ emotional support. It was constructed by PISA on the base of question ST123 and it ranges between −2.447 and 1.035.




	
ESCS

	
ESCS

	
num

	
Standardized index of economic, social and cultural status, derived by PISA, based on the parents’ highest level of education (PARED), parents’ highest occupational status (HISEI), and home possessions (HOMEPOS), including Books in the home




	
Foreign language

	
ST022Q01TA

	
0/1

	
Language that the students speak at home. 0 = same language as at school, 1 = different language




	
ICT resources

	
ICTRES

	
num

	
Standardized indicator of ICT home possessions. It ranges between −3.968 and 3.612




	
Student’s perceptions and attitudes




	
Fear failure

	
GFOFAIL

	
num

	
Standardized indicator of the fear of failure of the student. It is based on question ST183 and it ranges between −1.894 and 1.891




	
Feel awkward *

	
ST034Q04TA

	
0/1

	
Indicator based on the sentence ‘ feel awkward and out of place in my school’. 0 = (strongly) disagree with the sentence, 1 = (strongly) agree with the sentence




	
Feel outsider *

	
ST034Q01TA

	
0/1

	
Indicator based on the sentence ‘ feel like an outsider (or left out of things) at school’. 0 = (strongly) disagree with the sentence, 1 = (strongly) agree with the sentence




	
Self confidence *

	
ST034Q05TA

	
0/1

	
Indicator based on the sentence ‘Other students seem to like me.’ 0 = (strongly) disagree with the sentence, 1 = (strongly) agree with the sentence




	
Sociable *

	
ST034Q02TA

	
0/1

	
Indicator based on the sentence ‘ make friends easily at school.’ 0 = (strongly) disagree with the sentence,1 = (strongly) agree with the sentence




	
Enjoyment reading

	
ST175Q01IA

	
cat

	
Time spent by the students reading for enjoyment. 0 = no time, 1 = less than 30 min per day, 2 = between 30 and 60 min per day, 3 = between 1 and 2 h, 4 = more than 2 h




	
Class and school environment




	
Teach support (global)

	
TEACHSUP

	
num

	
Standardized indicator of teacher support, constructed by PISA on the base of question ST100. It ranges between −2.743 and 1.341




	
Discipline language class

	
DISCLIMA

	
num

	
Standardized indicator of disciplinary climate in the language-of-instruction lessons, provided by PISA. It is based on ST097 and it ranges between −2.712 and 2.034.




	
Longest book

	
ST154Q01HA

	
cat

	
Number of pages of the longest text the student had to read for school. 1 = one page or less, 2 = between 2 and 10 pages, 3 = between 11 and 50 pages, 4 = between 51 and 100 pages, 5 = between 101 and 500 pages, 6 = more than 500 pages




	
Class size

	
CLSIZE

	
num

	
Number of students in the class, it ranges between 13 and 53.




	
Perception cooperation

	
PERCOOP

	
num

	
Cooperation climate perceived by students, it is a standardized indicator computed by PISA based on question ST206. and it ranges between −2.143 and 1.676








Note: Variables marked with * were originally Likert scale questions from 1 to 5, here dichotomized by the authors. Values from 1 to 3 were assigned 0, otherwise 1.
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Table 2. Descriptive statistics of the student-level variables, stratified by gender and country groups.
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Group 1

	
Group 2

	
Group 3




	

	
Female

	
Male

	
Female

	
Male

	
Female

	
Male






	
PISA score

	
   495.133   

	
   504.811   

	
   505.922   

	
   506.394   

	
   500.243   

	
   491.831   




	

	
(  86.050  )

	
(  92.307  )

	
(  92.648  )

	
(  97.538  )

	
(  85.268  )

	
(  94.960  )




	
Student’s family characteristics




	
Mother edu

	
   3.918   

	
   3.880   

	
   3.951   

	
   3.892   

	
   4.234   

	
   4.168   




	

	
(  1.558  )

	
(  1.651  )

	
(  1.352  )

	
(  1.481  )

	
(  1.387  )

	
(  1.531  )




	
Parent support

	
   0.128   

	
   − 0.025   

	
   − 0.057   

	
   − 0.204   

	
   0.183   

	
   0.047   




	

	
(  0.976  )

	
(  0.990  )

	
(  1.006  )

	
(  1.008  )

	
(  0.983  

	
(  0.998  )




	
ESCS

	
   0.061   

	
   0.073   

	
   0.058   

	
   0.027   

	
   0.374   

	
   0.377   




	

	
(  0.945  )

	
(  0.964  )

	
(  0.904  )

	
(  0.923  )

	
(  0.832  )

	
(  0.879  )




	
Foreign language

	
   1.135   

	
   1.141   

	
   1.107   

	
   1.117   

	
   1.216   

	
   1.229   




	

	
(  0.341  )

	
(  0.348  )

	
(  0.309  )

	
(  0.321  )

	
(  0.412  )

	
(  0.420  )




	
ICT resources

	
   0.048   

	
   0.065   

	
   − 0.006   

	
   0.033   

	
   0.373   

	
   0.432   




	

	
(  0.918  )

	
(  0.953  )

	
(  0.832  )

	
(  0.912  )

	
(  0.830  )

	
(  0.911  )




	
Student’s perceptions and attitudes




	
Fear failure

	
   0.136   

	
   − 0.263   

	
   0.153   

	
   − 0.268   

	
   0.234   

	
   − 0.284   




	

	
(  0.979  )

	
(  0.953  )

	
(  0.958  )

	
(  0.935  )

	
(  0.993  )

	
(  0.972  )




	
Feel awkward

	
   1.170   

	
   1.168   

	
   1.210   

	
   1.219   

	
   1.220   

	
   1.206   




	

	
(  0.375  )

	
(  0.374  )

	
(  0.407  )

	
(  0.414  )

	
(  0.414  )

	
(  0.404  )




	
Feel outsider

	
   1.155   

	
   1.159   

	
   1.215   

	
   1.236   

	
   1.186   

	
   1.176   




	

	
(  0.361  )

	
(  0.365  )

	
(  0.411  )

	
(  0.425  )

	
(  0.389  )

	
(  0.381  )




	
Self confidence

	
   1.842   

	
   1.847   

	
   1.765   

	
   1.765   

	
   1.800   

	
   1.817   




	

	
(  0.365  )

	
(  0.360  )

	
(  0.424  )

	
(  0.424  )

	
(  0.400  )

	
(  0.387  )




	
Sociable

	
   1.758   

	
   1.803   

	
   1.709   

	
   1.753   

	
   1.722   

	
   1.793   




	

	
(  0.429  )

	
(  0.398  )

	
(  0.454  )

	
(  0.431  )

	
(  0.448  )

	
(  0.405  )




	
Enjoyment reading

	
   2.476   

	
   1.855   

	
   2.515   

	
   1.843   

	
   2.210   

	
   1.751   




	

	
(  1.297  )

	
(  1.102  )

	
(  1.311  )

	
(  1.131  )

	
(  1.185  )

	
(  1.036  )




	
Class climate and features




	
Teach support

	
   − 0.028   

	
   − 0.014   

	
   − 0.107   

	
   − 0.078   

	
   0.144   

	
   0.144   




	

	
(  1.000  )

	
(  1.015  )

	
(  0.959  )

	
(  1.015  )

	
(  0.932  )

	
(  1.010  )




	
Discipline language class

	
   0.053   

	
   − 0.029   

	
   0.157   

	
   0.078   

	
   − 0.024   

	
   − 0.090   




	

	
(  1.034  )

	
(  1.084  )

	
(  1.037  )

	
(  1.116  )

	
(  0.966  )

	
(  1.010  )




	
Longest book

	
   3.820   

	
   3.831   

	
   3.816   

	
   3.681   

	
   3.668   

	
   3.645   




	

	
(  1.459  )

	
(  1.469  )

	
(  1.445  )

	
(  1.504  )

	
(  1.454  )

	
(  1.488  )




	
Class size

	
   25.606   

	
   25.487   

	
   23.354   

	
   22.791   

	
   20.869   

	
  20.760  )




	

	
(  7.144  )

	
(  7.243  )

	
(  5.790  )

	
(  5.829  )

	
(  4.241  )

	
(  4.244  )




	
Perception cooperation

	
   − 0.036   

	
   − 0.056   

	
   0.021   

	
   − 0.016   

	
   0.263   

	
   0.251   




	

	
(  0.357  )

	
(  0.349  )

	
(  0.399  )

	
(  0.403  )

	
(  0.377  )

	
(  0.378  )




	
Sample Size

	
69,303

	
65,406

	
15,738

	
15,645

	
8919

	
9201








Group 1 = countries where males perform better than females; Group 2 = countries with no gap; Group 3 = countries where females perform better than males. Summary statistics are reported in terms of mean and standard deviation (in brackets).













[image: Table] 





Table 3. Ranking of the student level variables according to the Random Forest variable importance, for the six model specifications.
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Group 1

	
Group 2

	
Group 3






	

	
Female

	
Male

	
Female

	
Male

	
Female

	
Male




	
Student’s family charactersitics




	
Mother edu

	
5

	
4

	
6

	
6

	
5

	
5




	

	
(  22.773  )

	
(  21.640  )

	
(  15.511  )

	
(  15.713  )

	
(  10.499  )

	
(  11.609  )




	
Parent support

	
14

	
16

	
12

	
12

	
8

	
8




	

	
(  4.813  )

	
(  3.509  )

	
(  6.810  )

	
(  7.941  )

	
(  5.725  )

	
(  9.433  )




	
ESCS

	
1

	
1

	
1

	
1

	
1

	
1




	

	
(  53.111  )

	
(  50.948  )

	
(  58.689  )

	
(  59.206  )

	
(  33.781  )

	
(  30.771  )




	
Foreign language

	
15

	
13

	
14

	
7

	
6

	
6




	

	
(  3.682  )

	
(  6.732  )

	
(  5.585  )

	
(  14.919  )

	
(  8.459  )

	
(  9.954  )




	
ICT resources

	
7

	
7

	
8

	
9

	
4

	
9




	

	
(  10.770  )

	
(  12.241  )

	
(  10.039  )

	
(  13.548  )

	
(  11.439  )

	
(  7.468  )




	
Student’s perceptions and attitudes




	
Fear failure

	
16

	
15

	
15

	
16

	
11

	
11




	

	
(  3.328  )

	
(  3.668  )

	
(  4.162  )

	
(  4.160  )

	
(  4.972  )

	
(  6.783  )




	
Feel awkward

	
11

	
8

	
10

	
13

	
15

	
10




	

	
(  6.044  )

	
(  11.537  )

	
(  8.827  )

	
(  7.633  )

	
(  4.012  )

	
(  7.261  )




	
Feel outsider

	
9

	
11

	
13

	
10

	
9

	
4




	

	
(  6.858  )

	
(  8.804  )

	
(  6.690  )

	
(  8.610  )

	
(  5.485  )

	
(  13.151  )




	
Self confidence

	
10

	
12

	
16

	
15

	
7

	
7




	

	
(  6.064  )

	
(  7.650  )

	
(  3.174  )

	
(  6.350  )

	
(  7.687  )

	
(  9.532  )




	
Sociable

	
8

	
14

	
9

	
14

	
13

	
12




	

	
(  7.514  )

	
(  6.100  )

	
(  9.811  )

	
(  7.189  )

	
(  4.779  )

	
(  6.639  )




	
Enjoyment reading

	
3

	
5

	
4

	
5

	
2

	
2




	

	
(  28.026  )

	
(  17.202  )

	
(  24.107  )

	
(  15.801  )

	
(  21.917  )

	
(  15.872  )




	
Class and school environment




	
Teach support

	
13

	
10

	
11

	
11

	
16

	
14




	

	
(  5.391  )

	
(  9.793  )

	
(  7.762  )

	
(  8.410  )

	
(  3.382  )

	
(  4.484  )




	
Discipline language class

	
6

	
6

	
7

	
8

	
10

	
13




	

	
(  11.564  )

	
(  12.506  )

	
(  12.214  )

	
(  14.189  )

	
(  5.063  )

	
(  5.744  )




	
Longest book

	
2

	
3

	
2

	
2

	
3

	
3




	

	
(  33.932  )

	
(  25.663  )

	
(  35.136  )

	
(  32.190  )

	
(  17.019  )

	
(  14.790  )




	
Class size

	
12

	
9

	
3

	
4

	
14

	
16




	

	
(  5.899  )

	
(  10.854  )

	
(  26.130  )

	
(  25.284  )

	
(  4.318  )

	
(  1.614  )




	
Perception cooperation

	
4

	
2

	
5

	
3

	
12

	
15




	

	
(  26.196  )

	
(  26.195  )

	
(  23.954  )

	
(  26.604  )

	
(  4.866  )

	
(  3.713  )




	
% explained variance-RF

	
23.74

	
22.78

	
30.14

	
29.28

	
18.36

	
21.61




	
PVRE

	
10.07

	
7.81

	
8.52

	
8.58

	
0.82

	
1.55




	
MSE

	
0.587

	
0.597

	
0.281

	
0.296

	
0.303

	
0.317








Note: The Table reports the position of the student level variables in the ranking provided by Random Forest models and the associated value of Inc%MSE (in brackets). Note that the higher the variable importance, the higher the position in the ranking. The ranking position covered by the most important variable is 1. The Table presents results for all the six models, by gender (males and females) and by gender gap group, where Group 1 represents countries where males outperform females; Group 2, the countries with no gap; and Group 3, the countries where females outperform males. The bottom part of the Table reports the percentage of variability explained by the random forest in the multilevel model, the PVRE, and the Mean Square Error (MSE) of each model.
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